Aims Left and right upper pulmonary vein flow can be adequately recorded by transoesophageal Doppler echocardiography. The aim of this study was to investigate whether analysis of the pulmonary venous flow velocity pattern can predict the long-term maintenance of sinus rhythm after successful cardioversion of chronic atrial fibrillation.
Introduction
Duration of atrial fibrillation [1, 2] , type of underlying disease [1, 3] , patient age [1] , left atrial dimension [2] [3] [4] , left ventricular function [2] , and continuation of antiarrhythmic medication [5, 6] have all been proposed as predictors of successful cardioversion of atrial fibrillation and maintenance of sinus rhythm on a long-term basis. Several reports, however, have questioned the predictive value of all these parameters [5] [6] [7] . In addition, no distinct limit beyond which further cardioversion attempts are not justified has been defined. The time needed for restoration of atrial contractility after cardioversion appears to be variable [8] and it is not known whether the strength of atrial contraction, as assessed by the Doppler echocardiography-derived transmitral flow pattern, has any prognostic significance for the long-term maintenance of sinus rhythm [9, 10] . Recording of the pulmonary venous flow velocity pattern via transoesophageal echocardiography offers a unique opportunity to study the blood flow in the left atrium and its relationship to cardiac dynamics [11, 12] . Few data, however, exist on the morphology of the pulmonary venous flow velocity pattern before and after cardioversion of atrial fibrillation [13] , and, to our knowledge, no study has investigated whether the pulmonary venous flow velocity pattern can serve as a predictor of the longterm maintenance of sinus rhythm following successful cardioversion.
The aim of this study was to investigate whether analysis of the pulmonary venous flow velocity pattern can predict the long-term maintenance of sinus rhythm after successful cardioversion of chronic atrial fibrillation.
Methods

Study patients
Forty-two consecutive patients undergoing successful elective direct current cardioversion for atrial fibrillation and without evidence of valve disease or intracardiac thrombus were enrolled in the study. For final analysis, only patients with a good quality flow pattern recorded in the left and right upper pulmonary veins were considered. Before cardioversion, patients underwent anticoagulation for at least 3 weeks with doses of oral cumarin sufficient to maintain an INR of approximately 2 to 2·5. All patients underwent transthoracic and transoesophageal echocardiography examination before, and at 24 h and 3 months following cardioversion. Clinical assessment and 24 h ambulatory electrocardiographic monitoring were repeated at 3, 6 months and 1 year following cardioversion. Direct current cardioversion was performed with the use of anteroposterior paddles after induction of heavy sedation with intravenous midazolam.
Echocardiographic studies
Left atrial systolic diameter, left ventricular end-systolic and end-diastolic diameters and fractional shortening {[(end diastolic end systolic)/end diastolic diameter] 100}, were measured in the parasternal long-axis view [14] . Ejection fraction was calculated by transthoracic two-dimensional echocardiography [15] . From the apical four chamber view transmitral E and A wave velocities were also measured.
Following local anaesthesia of the hypopharynx with 10% lidocaine and intravenous sedation with midazolam, a 5·0 MHz transducer, mounted on the tip of a modified flexible single or multiplane gastroscope (Hewlett-Packard, Sonos 1000 or 2500), was introduced to a depth of 25-30 cm from the teeth. Left and right upper pulmonary veins were identified with the use of colour flow imaging. The pulsed-wave Doppler sample volume was placed in the left and right upper pulmonary vein, 0·5 to 1 cm from its orifice. Hard copy recordings were obtained at a paper speed of 100 mm . s 1 . All recordings were taken during quiet respiration with the patient in the left lateral position. All echocardiographic measurements were accomplished by two expert echocardiographers who were unaware of clinical and other details of patients.
Doppler measurements
During each cardiac cycle, forward systolic, diastolic and atrial reversal flows were identified in both the left and right upper pulmonary vein, pulmonary venous flow velocity patterns were recorded, and peak velocity [16] and flow velocity time integrals for each wave were calculated [17] . A biphasic systolic forward flow was detected when the velocity of the first wave was more than the 15% of the maximum systolic wave velocity. The S/D peak velocity ratio, the S/D velocity time integral ratio and the systolic fraction [velocity time integral S/velocity time integral (S+D)] were measured. Transmitral E and A wave velocities by transthoracic Doppler echocardiography were also calculated. For all Doppler measurements, reported values represent the mean of measurements derived from five cardiac cycles.
Statistical analysis
The Lilliefors procedure was applied in order to determine normality and the results were summarized in a table. The compliance to normality was used to determine whether a paired t-test should be used or in the case of non-compliance a non-parametric test, such as the Wilcoxon test. The independent samples (unpaired) t-test was used for comparisons between groups; in the case of deviation from normality, the KolmogorovSmirnov test was employed in order to verify the results. The sign of the difference of means between compared variables is determined with the Sign test. Correlation matrices were constructed for all variables by time of data acquisition in order to establish relational patterns. The presence of a statistically significant difference in the means and the possible relationships was used to determine which variables should be examined for participation in a prediction model. The logistic regression model was used to construct a model and test our predictors for goodness of fit. Appropriate tests for equality means and the Levene's test for homogeneity of variance were used in order to estimate intra-and inter-observer variability. The data are expressed as mean (SD), and probability values <0·05 were considered significant.
Results
Patient characteristics
Thirty-six out of 42 patients (85%) who underwent successful cardioversion had adequate recordings of both the left and right upper pulmonary venous flow velocity pattern and were recruited into the study. They were 21 men and 15 women with a mean age of 53 9 years. The underlying disorder was ischaemic heart disease in 15 patients, hypertension (>150/90 mmHg) in seven, hyperthyroidism in one, and mild mitral regurgitation in three patients. There was no evident predisposing condition in 10 patients. The duration of atrial fibrillation ranged from 2 to 9 months (5·3 2 months). All patients were under the same medical treatment with digoxin and verapamil both before and for 1 year following cardioversion.
All 36 consecutive patients who underwent successful cardioversion of atrial fibrillation were in sinus rhythm 24 h later. At 3 months following cardioversion, 16 patients (44·4%) remained in sinus rhythm while the remaining 20 patients (55·6%) were in atrial fibrillation. One year post-cardioversion, 12 (33·3%) patients were in sinus rhythm, 20 patients had atrial fibrillation and four patients complained of very frequent episodes of paroxysmal atrial fibrillation and with being in atrial fibrillation rather than sinus rhythm most of the time. Patients were divided according to whether they were in sinus rhythm (sinus rhythm group, 12 patients), or in chronic or paroxysmal atrial fibrillation (atrial fibrillation group, 24 patients) 1 year following cardioversion.
Pulmonary vein flow velocity pattern
Left and right upper pulmonary vein velocity patterns were recorded by transoesophageal echocardiography in all patients, 24 h and 3 months following cardioversion. In 10 out of the 12 patients in the sinus rhythm group, a biphasic systolic forward flow was detected 24 h following cardioversion (in seven patients in the left and in five 
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in the right upper pulmonary venous flow ( Fig. 1) . At the same time, four patients in the atrial fibrillation group displayed a biphasic systolic forward flow (three patients in the left and two in the right upper pulmonary venous flow), whereas the remaining patients displayed a single forward systolic flow (Fig. 2) . Three months later, all 14 patients who displayed biphasic systolic flow in the pulmonary venous flow 24 h following cardioversion were in sinus rhythm, which was maintained. Ten of these 14 patients were still in sinus rhythm 1 year following cardioversion. The velocity of the first wave of the left pulmonary vein biphasic systolic flow was 25·01 5·5 and 21·5 6·2 cm . s 1 in the sinus rhythm and atrial fibrillation groups, respectively, at 24 h post-cardioversion, and increased to 30 2·7 and 27·06 2·4 cm . s 1 at 3 months. The corresponding values of the right upper pulmonary vein were 25·5 6·5 and 21·6 6·9 cm . s 1 at 24 h, and increased to 32 1·6 and 26·1 2·5 cm . s 1 at 3 months, in the sinus rhythm and atrial fibrillation groups, respectively.
Doppler and other measurements
Transthoracic echocardiographic data at 24 h and 3 months following cardioversion are shown in Table 1 . At 24 h, the transmitral A wave velocity was similar between the sinus rhythm and atrial fibrillation groups (22·5 3·6 vs 23·5 5·8 cm . s 1 , respectively). At 3 months, the transmitral A wave velocity was 40·2 12·4 cm . s 1 for the sinus rhythm group (12 patients) and 39 11·3 cm . s 1 for the atrial fibrillation group (four patients). The A wave was significantly increased from 24 h to 3 months in the sinus rhythm and atrial fibrillation groups (P=0·001 and P=0·02, respectively). The E wave velocity of the transmitral flow pattern before cardioversion was 61·3 7·6 cm . s 1 for the sinus rhythm group and 62·3 9·3 cm . s 1 for the atrial fibrillation group; at 24 h the corresponding values were 56·6 7·1 and 58·3 5·5 cm . s 1 , respectively, and at 3 months following cardioversion 58·2 3·3 and 60·7 7·1 cm . s 1 , respectively. There was no significant change in E wave velocity either in the sinus rhythm or the atrial fibrillation group throughout the observation period.
Transoesophageal Doppler measurements of the left and right upper pulmonary venous flow velocity were performed in all patients 24 h and 3 months following cardioversion (Tables 2 and 3) . At 24 h postcardioversion, both the S/D peak velocity ratio and the S/D velocity time integral ratio for the left and right pulmonary venous flow velocity were also significantly higher (P=0·05 and P=0·02, P<0·001 and P<0·001, respectively) in the sinus rhythm than the atrial *Peak atrial reversal wave velocity and velocity time integral peak atrial reversal wave velocity in the atrial fibrillation group represent measurements of four patients with biphasic systolic forward flow who were still in sinus rhythm 3 months following cardioversion.
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fibrillation group. The systolic fraction for both left and right pulmonary venous flow were also significantly higher (P<0·001 for both) in the sinus rhythm than in the atrial fibrillation group. At 3 months following cardioversion, all these parameters remained significantly higher in the sinus rhythm than the atrial fibrillation group. The variables of the sinus rhythm group, which exhibited statistically significant differences between their respective levels at 24 h and 3 months, are shown in Table 4 and Fig. 3 . There were no statistically significant differences between the respective levels of the variables at 24 h and 3 months in the atrial fibrillation group.
Prediction model
The most appropriate statistical model for dichotomous independent variables is the logistic regression model. The model allows us to identify a subset of independent variables that are related to the outcome of interest.
Through the stepwise refinement method we can reach a conclusion as to the suitability of each independent variable or groups of variables with regard to the prediction value. The application of this model to our data suggested that at 24 h the best predictor variables were the existence of biphasic forward flow and the systolic fraction of the right upper pulmonary vein. The model gave a 93·75% predictability with 90% and 94·45% negative predictive accuracy. The probability of the dichotomous outcome variable was predicted from a set of independent variables. The model was: Pr (event)=1/1+exp( (BO+B1 X1+ B2 X2+ . . . +BK XK)). Pr (remaining in sinus rhythm) = 1/1 + exp( ( 37·2556 + 12·4829 S1S2 + 55·6987 RSF)) where RSF=systolic fraction of right upper pulmonary venous flow velocity. Therefore if the patient presented biphasic forward flow at 24 h and the value of RSF is equal to or greater than 0·4976, then the probability of the patient's remaining in sinus rhythm after 1 year exceeded 95%. If the patient did not present biphasic forward flow at 24 h the value of RSF has to be equal to or greater than 0·722 in order to expect the same probability of remaining in sinus rhythm.
Inter-intra-observer variability
The results of the Levene's test for homogeneity of variance as well as the appropriate tests for equality of means exhibited no statistically significant difference with respect to their variance and mean values (Table 5) .
Discussion
In accordance with previous reports [18, 19] , our findings indicate that 33·3% of patients undergoing successful cardioversion of chronic atrial fibrillation remain in sinus rhythm 1 year later. These patients might be identified as early as 24 h following cardioversion by transoesophageal echocardiography and analysis of the pulmonary venous flow pattern. Patients displaying biphasic systolic forward flow and a value of the systolic fraction of the right upper pulmonary vein greater than 0·5 have a 95% probability of retaining sinus rhythm as late as 1 year following cardioversion. Our results have also shown that the S/D peak velocity ratio, the S/D velocity time integral ratio and the systolic fraction measured in both the left and right pulmonary veins are significantly higher in those patients who are capable of maintaining sinus rhythm.
Factors associated with maintenance of sinus rhythm
In this study, duration of atrial fibrillation, patient age, left atrial dimension, transmitral A wave flow velocity and left ventricular function were similar between the sinus rhythm and atrial fibrillation groups. Although all these parameters [1] [2] [3] [4] have been proposed as predictors of successful cardioversion of atrial fibrillation and maintenance of sinus rhythm on a long-term basis, several reports have questioned their predictive value [5] [6] [7] 9, 10] . The recurrence rate of atrial fibrillation 1 year following cardioversion in our population was up to 66·6% and this is in keeping with previous reports [20] [21] [22] [23] [24] .
Factors affecting pulmonary vein flow velocity pattern
In subjects with a normal heart, left pulmonary venous flow velocities are different from right pulmonary venous flow velocities detected by transoesophageal echocardiography [25] . The results of this study suggest that after cardioversion there is also a difference between left and right pulmonary venous flow velocities.
There are two major differences between the pulmonary venous flow patterns obtained by transthoracic and transoesophageal echocardiography. The first is the almost universal presence of flow reversal during atrial contraction and the second is the consistent recording of a biphasic systolic forward flow by transoesophageal echocardiography [11, [25] [26] [27] . Although biphasic systolic pulmonary venous flow has been described by previous authors as ranging from 44% to 73% in normals [25, 28] , in this study we were able to record biphasic systolic forward flow in 11 out of 36 patients (30·5%) in the left and in eight out of 36 patients 0·42 0·07  0·42 0·06  0·8  0·42 0·06  0·9  Right systolic fraction  0·44 0·06  0·45 0·06  0·8  0·44 0·06 0·7 Left peak systolic wave/peak diastolic wave 0·91 0·16 0·90 0·14 0·5 0·90 0·13 0·3 Right peak systolic wave/peak diastolic wave 0·90 0·13 0·90 0·12 0·6 0·90 0·12 0·8 Left velocity time integral peak systolic wave/peak diastolic wave 0·75 0·20 0·75 0·20 0·7 0·76 0·20 0·9 Right velocity time integral peak systolic wave/peak diastolic wave 0·82 0·23 0·84 0·25 0·7 0·83 0·21 0·7
Values represent mean standard deviation; P* is derived from the Levene test of Homogeneity of Variance, Base=baseline measurements recorded by the first observer; Inter=measurements obtained by the second observer; Intra=measurements obtained from the first observer a week after the first measurements.
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(22·2%) in the right upper pulmonary venous flow 24 h after successful cardioversion. Systolic forward flow is believed to occur as a result of the combination of relaxation of the left atrium [29] after its contraction and concomitant descent of the atrioventricular groove associated with left ventricular systole [12, 14, 31] . Relaxation of the left atrium corresponds to the first wave of the biphasic systolic wave [12, 14, 31] , whereas the second systolic forward wave is mainly due to ventricular systole [12, 26, 27] . In the presence of low atrial pressure, the systolic filling from the annular movement will continue longer and peak later than that due to atrial relaxation [36, 31] . This results in separation of the contribution of atrial relaxation from the contribution of the annulus movement and, consequently, in the appearance of biphasic systolic forward flow. In our study, biphasic systolic forward flow was detected at 24 h and was further increased 3 months following cardioversion, mainly in those patients who remained in sinus rhythm 1 year later. In this respect, the appearance of the first wave of the biphasic systolic wave probably suggests that patients with low atrial filling pressures, who retain the capability of restoring atrial relaxation after cardioversion, are the most likely to achieve long-term maintenance of sinus rhythm.
Atrial reversal flow represents transient reversal of flow in the pulmonary vein resulting from organised atrial activity [30] . Several reports disagree on whether the strength of atrial contraction, as assessed by the transmitral flow pattern, has any prognostic significance for the persistence of sinus rhythm in patients undergoing cardioversion of atrial fibrillation [9, 10, 19, 32] . The return of atrial contraction has been shown to be delayed [32] with a progressive increase in the atrial contribution to ventricular filling documented over the 3 months following successful cardioversion [10] . In our study, no significant difference in reversal of atrial flow or of the transmitral A wave velocity was observed between the groups 24 h following cardioversion, although an increase in atrial flow velocity and transmitral A wave velocity were detected in the sinus rhythm group 3 months following cardioversion. Thus, it seems that atrial relaxation (biphasic systolic forward flow) returns earlier than complete atrial contraction (A wave). From the above it might be suggested that the low atrial filling pressure after cardioversion leads to the appearance of the first wave of the biphasic systolic wave (atrial relaxation) which might be responsible for the maintenance of sinus rhythm. Whether this earlier return of atrial relaxation is a result of, or leads to, a lower atrial filling pressure cannot be ascertained from the present study.
Pulmonary venous flow velocity pattern and haemodynamic variables
The evaluation of pulmonary venous flow patterns in conjunction with mitral flow has received increased attention in the non-invasive assessment of heart disease [31, 33, 34] . The relationship between the S/D ratio and left atrial pressure in patients under different clinical conditions has not yet been completely studied. Although in experimental models a positive relationship between mean left atrial pressure and S/D ratio after volume loading has been suggested [35] , in humans a strong negative relationship between left atrial pressure and the systolic fraction of pulmonary venous flow velocity, as well as the S/D and S/D velocity time integral ratios, have been shown [36] [37] [38] . Moreover, in patients with mitral regurgitation, a decrease in the S/D ratio has been reported with increasing severity of mitral regurgitation [34] . This effect may be explained, at least in part, by an increase in mean left atrial pressure with increasing mitral regurgitation. In our study, there was a higher S/D velocity ratio, S/D velocity time integral ratio and systolic fraction 24 h following cardioversion, which might indicate that left atrial pressure can influence the maintenance of sinus rhythm in the long-term follow-up. These parameters were further increased 3 months later. Additionally, the first wave of the biphasic systolic wave and the A wave of the pulmonary venous flow velocity pattern, as well as the A wave of the transmitral flow velocity pattern were further increased 3 months later. This observation is in keeping with the reported delay of the normalization of the left atrium due to transient atrial dysfunction (stunning) caused by cardioversion [39] .
Clinical implications
Although transoesophageal echocardiography represents additional discomfort for patients and extra work for doctors, its ability to identify patients who will maintain sinus rhythm following cardioversion of atrial fibrillation may have important clinical implications. First, this test might prevent further unsuccessful attempts in patients having failed an initial cardioversion. On the other hand, it should identify patients in whom repeated attempts, or even internal cardioversion, may be worth undertaking, in view of the capability of the atria to maintain sinus rhythm in the long-term followup. Second, the identification of such patient groups might avoid unnecessary antiarrhythmic medication for maintenance of sinus rhythm post-cardioversion. The side effects of amiodarone are well known [40] and the administration of flecainide in patients with chronic or paroxysmal atrial fibrillation can be complicated by life-threatening ventricular arrhythmias [41, 42] . Furthermore, the administration of quinidine for long-term maintenance of the following cardioversion of atrial fibrillation has resulted in increased mortality in comparison with no treatment [23] .
Limitations of the study
Reliable and reproducible recordings of both left and right upper pulmonary venous flow was possible in 85% of our patients. This is in accord with the experience of other centres which have reported a similar success rate in the recording of the pulmonary venous flow velocity pattern [25] , but indicates that our method cannot serve as a clinical tool in all patients. Flow velocities, spontaneous echo contrast and ejection fractions of the left atrial appendage are important factors for thrombus formation and are related to left atrial pressure [39, [43] [44] [45] [46] [47] . Assessment of these parameters was beyond the scope and the initial design of this study. Finally, the major limitation of our study was the small number of recruited subjects. It should be stated, however, that it took us some time to complete the protocol due to patient reluctance to undergo repeated transoesophageal examinations. Moreover, it should be stated that this is a retrospective study requiring confirmation with a prospective study.
Conclusions
The detection of biphasic systolic forward flow in the pulmonary venous flow and of a systolic fraction in the right upper pulmonary vein higher than 0·50, by 24 h following cardioversion, can predict which patients will remain in sinus rhythm 1 year following cardioversion. Transoesophageal echocardiography-derived pulmonary venous flow patterns may serve as a clinical tool for the identification of the patients who can retain sinus rhythm for at least 1 year following successful cardioversion of atrial fibrillation.
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